A platinum catalyst supported on zirconia is proposed as a cathode in lithium-oxygen batteries. Experimental and theoretical studies show that zirconia suppresses the side-reactions of the intermediate (O 2 À ) and the final product (Li 2 O 2 ) by the stabilization of their reactivity.
Current advances in electric devices have increased the demand for next-generation electric energy storage systems. However, the conventional lithium-ion batteries (LIBs) have reached their theoretical limits. Their power and energy are not enough for application in next-generation electric devices, such as electric vehicles (EVs). 1-3 Therefore, alternative battery systems have been proposed and investigated as replacements for LIBs. [4] [5] [6] A lithium-oxygen (Li-O 2 ) battery is a highly promising candidate to replace conventional LIBs, because the theoretical energy density of Li-O 2 batteries is much higher than that of LIBs (3500 W h kg À1 ). 7 However, the high overpotential and low cycle life have impeded the practical use of Li-O 2 batteries. One of the causes of the impediment is that the Li 2 O 2 decomposition reaction during the charging process is highly resistive due to the low electric conductivity of Li 2 O 2 . Also, side reactions can occur on the cathode where the lithium ion reacts with external oxygen resulting in lithium peroxide (Li 2 O 2 ). Because superoxide and peroxide species (SPS, O 2 À , LiO 2 and Li 2 O 2 ) are not stable, they can easily react with the electrolyte and carbon electrode, which results in the passivation of the cathode and a higher decomposing potential compared to that of Li 2 O 2 . [8] [9] [10] Various catalysts have been proposed for Li-O 2 batteries to solve the issues regarding high overpotential and low cycle lifes. [11] [12] [13] [14] Among them, noble metal catalysts (NMCs) have shown remarkable performance due to their high catalytic activity which could reduce the overpotential. [15] [16] [17] However, NMCs not only catalyze the Li 2 O 2 decomposition, but also promote side-reactions, because the catalytic behavior of NMCs is not selective. 18, 19 Byproducts from the side-reactions increase the interfacial resistance which has a negative influence on the cycling ability and causes a gradual increase in the overpotential. [20] [21] [22] Therefore, the stabilization of SPS is the key strategy for stable and reversible reactions of NMCs in Li-O 2 batteries.
Designing a cathode material of Li-O 2 batteries could be a solution to relieve the side reactions. Several types of metal oxides are known to stabilize the SPS via oxygen defects on the surface. 23, 24 Because SPS are nucleophilic, they easily bind with oxygen defect sites, which could suppress their reactivity. Adaptation of the surface properties of these metal oxides is necessary to suppress the byproduct formation. Therefore, the concept of hybridization between highly active NMCs and the SPS-stabilizing metal oxides should be pursued.
In this research, a platinum catalyst deposited onto zirconia is proposed for our proof-of-concept model to establish the synergetic effect of NMCs and an oxygen-defective support. We chose zirconia as a support because it offers oxygen defects on the surface without providing additional oxygen reduction/evolution reaction sites during charge/discharge. Therefore, reactions occur mainly on the platinum surface. We observed the effect of the support with oxygen defects using experimental and theoretical approaches relative to the performance of Li-O 2 batteries. As a result, Pt/ZrO 2 exhibited longer cyclability compared to a sole platinum catalyst. The electrochemical and physicochemical properties of both catalysts and the discharged products were characterized via experimental and theoretical methods to investigate the origins of the longer cyclability. The oxygen defect site of the zirconia support improved the reversibility by interacting with discharge products.
To compare the morphology of Pt/ZrO 2 and Pt particles, transmission electron microscopy (TEM) images were obtained. The TEM images revealed that platinum particles of similar size (less than 10 nm) and shape were dispersed uniformly onto larger (approximately 50 nm) zirconia particles of Pt/ZrO 2 (Fig. 1a ). Pure Pt particles are similar in size and shape compared to those that were deposited onto the zirconia (Fig. 1b ). This suggests that the morphological differences in the active sites between Pt/ZrO 2 and Pt particles are negligible. X-ray diffraction (XRD) patterns showed the crystallinity of the Pt/ZrO 2 and Pt particles ( Fig. S1 , ESI †). Both samples had the same face-centered cubic crystalline platinum peaks (JCPDS, Card no. 04-0802), which can be attributed to the (111) and (200) planes. The crystal structure of zirconia was characterized as purely monoclinic (JCPDS, Card no. 37-1484). BET surface area analysis also verified that the surface area effect could be ignored. The BET specific surface areas of the Pt/ZrO 2 and Pt particles were 22.6 cm 2 g À1 and 15.1 cm 2 g À1 , respectively. Pore structures were not developed on the surfaces of either Pt/ZrO 2 or Pt particles, which indicates that the prepared materials are conventional metal oxide and metal particles ( Fig. S2 , ESI †).
The oxidation states of the surface atoms of Pt/ZrO 2 were characterized via XPS. O1s, Zr3d and Pt4f orbitals of Pt/ZrO 2 are described in Fig. 1c , d and Fig. S3 (ESI †). The peak of the O1s orbital was deconvoluted into two parts, 529.8 eV and 531.7 eV. The binding energy at 529.8 eV is associated with the oxygen ion in the lattice of zirconia and that at 531.7 eV is interpreted as the oxygen defect or adsorbed species on the surface of zirconia. [25] [26] [27] Physisorbed species can be easily removed by the vacuum conditions of XPS analysis. Therefore, any observed oxygen is from chemisorbed species such as a hydroxyl group or water, which bind mostly with the oxygen defects on zirconia. Therefore, the peak at 531.7 eV is directly related to the oxygen defect. The evolved peaks at 181.9/184.4 eV and 181.4/183.8 eV were assigned to Zr 4+ and Zr 3+ , respectively. The peaks at 70.3/73.7 eV (red line), 71.5/74.9 eV (blue line) and 72.6/75.9 eV (green line) are assigned to Pt 0 , Pt 2+ and Pt 4+ , respectively.
The electrochemical performance of Pt/ZrO 2 used as a catalytic cathode for Li-O 2 batteries was evaluated via a galvanostatic charge/discharge test at a current density of 0.2 mA cm À2 , in a voltage window of 2.0-5.0 V and with a limited time of 2.5 h (cut-off capacity of 1000 mA h g À1 ). An electrochemical test of Pt particles was also conducted using the same conditions. As shown in Fig. 2a and b, at the first cycle, the discharging/ charging potentials of Pt/ZrO 2 and Pt were observed at 2.7/4.2 V and 2.7/3.5 V, respectively. Even the charging overpotential of Pt was relatively lower than that of Pt/ZrO 2 at the initial few cycles; however, it dramatically increased from the 5th cycle and a fast degradation of performance was observed near the 40th cycle. In contrast, Pt/ZrO 2 maintained a flat charge profile and a capacity even after the 40th cycle.
Since the charging potential is closely related to the oxidation of a discharge product, the low initial overpotential of the Pt particle indicates that it definitely catalyzes the oxidation reaction. However, as the cycle proceeded, both the charging potential and the variation in the potential profile drastically worsened. As stated at the beginning, this phenomenon is due to the formation of byproducts from undesired reactions by the platinum catalyst. 18, 19 The Pt/ZrO 2 , on the other hand, maintained its performance for longer cycles. The consistent charging profiles of Pt/ZrO 2 suggest that less byproducts were formed with Pt/ZrO 2 . Based on these results, the better cyclability of the platinum with a zirconia support can be explained by the highly reversible Li-O 2 redox chemistry without side-reactions.
To investigate the effect of the zirconia as a support material for a platinum catalyst, the reactivities of the intermediates and final discharge products of Li-O 2 batteries were investigated. Because SPS undergo nucleophilic attack with electrolytes and a carbon-based electrode during charge/discharge reactions, measuring the stability of SPS could be the criterion for the reversibility of the charge/discharge reactions. Fig. 3a shows the results of the galvanostatic reduction/oxidation test of Pt/ZrO 2 and Pt particles under 0.5 M tetrabutylammonium (TBA) salt. The Pt/ZrO 2 group exhibits higher overpotential than the Pt particle due to the low conductivity of the zirconia support. Because LiO 2 and Li 2 O 2 cannot be formed under these conditions, only O 2 À is observed. Even with TBA, O 2 À still maintains its reactivity toward the electrolyte. Therefore, the amount of reoxidized O 2 À is always smaller than the reduced O 2 À , and the increased from 28.4% (Pt particle) to 38.5% (10 wt% Pt/ZrO 2 ), which implies that O 2 À consumption is suppressed by the zirconia support. Oxygen defects on the exposed surface of zirconia function as binding sites for O 2 À , which mitigates the reactivity of O 2 À . Therefore, the reaction between O 2 À and an electrolyte is diminished in Pt/ZrO 2 . However, as the Pt content in Pt/ZrO 2 is increased from 10 to 20 wt%, the oxygen collection efficiency was decreased to 24.7%. This is because the oxygen defects on the exposed zirconia surface and the binding sites for O 2 À were decreased as shown in the TEM image. As expected, the oxygen collection efficiency and cyclability of the samples have the same tendency (Fig. 3b ). It is clear that the stabilization of O 2 À is a critical factor for the reversibility of a charge/discharge reaction, which defines the cyclability of Li-O 2 batteries. Side-reactions also occur on the surface of the final discharge product, Li 2 O 2 . To investigate the reactivity of Li 2 O 2 in the presence of the prepared catalysts, the Li-O 2 batteries with Pt/ZrO 2 and Pt particles were rested for 2 days after discharging ( Fig. 3c-e ). Without rest, the flat charging potential plateau of the Pt particle was observed at 3.5 V. After 2 days of rest, however, it was increased up to 4 V with a sloped profile. 20 wt% Pt/ZrO 2 , which has a less exposed zirconia defect site than that of 10 wt% Pt/ZrO 2 , showed the charging potential plateau at 4 V. In contrast, after 2 days of rest, the charging potential was increased and showed a sloped profile above 4 V. In contrast, the charging potentials of 10% Pt/ZrO 2 with and without a rest of 2 days were similar and flat-shaped near 4.2 V. According to the previous studies, a larger amount of CO 2 gas was observed during the sloped charge region that was originated from the decomposition of Li 2 CO 3 , which is a byproduct. [28] [29] [30] Therefore, the appearance of a sloped charge potential curve indicates that a portion of Li 2 O 2 has converted into Li 2 CO 3 during the rest time. These results provide evidence that Li 2 O 2 is unstable and converted into another chemical on the platinum surface, but is stable on a zirconia surface that suppresses side-reactions. As shown by the galvanostatic reduction/oxidation test results under TBA salt, the zirconia support enables reversible reactions by stabilizing the intermediate and final-discharge products in Li-O 2 batteries.
Density functional theory (DFT) calculations were carried out to show the detailed interactions of Li 2 O 2 adsorbed onto platinum (111) and zirconia (À111) planes, respectively, which are the most stable and abundant facets of each compound (Fig. 4) . 31, 32 The adsorption energies of a Li 2 O 2 monomer on platinum and zirconia were calculated to be À3.15 eV and À7.97 eV, respectively. The calculated values of binding energies of a dimer and a trimer also show that Li 2 O 2 was adsorbed more strongly on the surface of zirconia. Since the adsorption energy of Li 2 O 2 is related to its stability, the reactivity of Li 2 O 2 is suppressed on the zirconia surface. The charging density difference between a Li 2 O 2 trimer under vacuum and a Li 2 O 2 trimer adsorbed onto platinum and zirconia surfaces shows the interaction of Li 2 O 2 with these surfaces. The polarization of Li 2 O 2 increases on the surface of platinum, which means a stronger nucleophilic attack could occur. By contrast, Li 2 O 2 interacts This journal is © The Royal Society of Chemistry 2017 strongly with zirconia and is stabilized by losing the electron density. As the nucleophilicity of Li 2 O 2 is reduced, its reactivity toward an electrolyte or electrode could be suppressed. The results on the platinum (200) and zirconia (111) planes, which are the second most stable and abundant planes, also showed analogous tendency (Fig. S5, ESI †) . Therefore, these phenomena would be general on the surfaces of platinum and zirconia.
We also calculated the solvation energy of Li 2 O 2 in a tetraethylene glycol dimethyl ether (TEGDME) electrolyte, which is calculated to be 1.73 eV. The adsorption energies of both platinum and zirconia surfaces to lithium superoxide are stronger than the solvation energy of TEGDME to lithium superoxide. Therefore, lithium superoxide is adsorbed on the surface rather than dissolved in the electrolyte, which agrees with previous studies. In the case of an electrolyte with a low donor number, Li 2 O 2 grows on the surface of the electrode without the solvation of the electrolyte. 33, 34 In summary, we investigated zirconia as a cathodic supporting material to establish the effect of oxygen-defective sites for a reversible charge/discharge reaction in Li-O 2 batteries. As a result, platinum deposited onto zirconia demonstrated an enhanced cyclability compared to that of a pure platinum catalyst. The improved reversibility can be explained by a stabilization of the nucleophilic species on zirconia. Although several design principles such as composition and morphology of active sites are important for the development of a catalyst for Li-O 2 batteries, the surface properties of the support are also critical to the electrochemical performance. This study may provide clues for the design of superior supporting materials for Li-O 2 batteries. Even by suppressing the side reactions by zirconia, the cyclability was only increased by 10 cycles compared to pure Pt in our study. We assumed that the low conductivity of the zirconia support has been one of the bottlenecks for the development of an electrocatalyst with even greater cyclability. We used simple sphere-type zirconia particles to establish the effect of a support with oxygen defects. Modification of the morphology such as the hybridization of the oxygen defective zirconia support and conductive carbon could enhance the performance of the catalyst. This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea government (MEST) (NRF-2016R1E1A1A01942936) and the Supercomputing Center/Korea Institute of Science and Technology Information with supercomputing resources including technical support (KSC-2016-C2-0058).
